Candida albicans is an opportunistic fungal pathogen that is highly resistant 27 to different oxidative stresses. How reactive sulfur species (RSS) such as sulfite 28 regulate gene expression and the role of the transcription factor Zcf2 and the sulfite 29 exporter Ssu1 in such responses is not known. Here, we show that C. albicans 30 specifically adapts to sulfite stress and that Zcf2 is required for that response as well 31 as induction of genes predicted to remove sulfite from cells and to increase the 32 intracellular amount of a subset of nitrogen metabolites. Analysis of mutants in the 33 sulfate assimilation pathway show that sulfite conversion to sulfide accounts for 34 part of sulfite toxicity and that Zcf2-dependent expression of the SSU1 sulfite 35 exporter is induced by both sulfite and sulfide. Mutations in the SSU1 promoter that 36 selectively inhibit induction by the reactive nitrogen species (RNS) nitrite, a 37 previously reported activator of SSU1, support a model for Candida albicans in 38 which Cta4-dependent RNS induction and Zcf2-dependent reactive sulfur species 39 induction are mediated by parallel pathways, different from S. cerevisiae in which 40 the transcription factor Fzf1 mediates responses to both RNS and RSS. Lastly, we 41 found that endogenous sulfite production leads to an increase in resistance to 42 exogenously added sulfite. These results demonstrate that C. albicans has a unique 43 response to sulfite that differs from the general oxidative stress response, and that 44 adaptation to internal and external sulfite is largely mediated by one transcription 45 factor and one effector gene. and regulation of metabolism (ALI et al. 2006; BRANNAN 2010; GRUHLKE AND 50 SLUSARENKO 2012). Similarly to reactive oxygen species (ROS) and reactive nitrogen 51 species (RNS), redox active molecules containing oxygen and nitrogen, respectively, 52
INTRODUCTION
concentration of 1.25 µM, and luciferase activity luminescence was recorded using a 229 luminometer (Tecan) . The reactive sulfur species tested, sulfite or sulfide, caused 230 only a small decrease in ACT1p-gLUC expression ( Figure S1 ). 231
Construction of SSU1-gLUC mutants. Primers used in constructing mutant strains 232 are listed in Table S2 . Using site-directed mutagenesis by overlap extension as 233 previously described (HO et al. 1989) , substitution mutations were introduced in the 234 SSU1 promoter located in the plasmid containing the SSU1p-gLUC construct. First, 235 two PCR reactions were carried out to amplify a region of the SSU1 promoter and 236 gLUC DNA on either side of the intended mutation, with the substituted nucleotides 237 on a linker segment of the internal primers. Secondly, the two PCR products were 238 fused in a third PCR reaction. The resulting fusion product was digested with 239 enzyme KpnI and BstXI and ligated in the place of the native SSU1 promoter in the 240 plasmid containing the SSU1p-gLUC construct. The plasmids were confirmed by 241 sequencing and transformed into C. albicans strain as previously described and 242 targeted to the RPS1 locus. 243
Motif Discovery. 1-kb promoter regions of Zcf2-dependent and independent genes 244 were analyzed with the program The MEME Suite (BAILEY AND whether and how it responds to reactive sulfur species such as sulfite is poorly 258 characterized. We confirmed the sensitivity of Δzcf2 and Δssu1 to sulfite ( Figure S2 ). 259
To test for adaptation to sulfite, log phase C. albicans cultures were exposed for 15 260 minutes to a subtoxic level of sulfite (0.25 mM) -determined by growing C. albicans 261 with various amounts of sulfite until the maximum concentration that gives little or 262 no change in growth was found. Subsequently, cultures were challenged with higher, 263 toxic levels of sulfite (2, 4, and 8 mM) and growth was measured for 16 hours 264 to subtoxic sulfite include those predicted to be involved in alternative oxidation 285 (e.g. AOX2), sulfite removal or detoxification (e.g. SSU1), nitrogen metabolism and 286 oligopeptide transport (e.g. AMO1, GAP2, CAN2, IFC3, ICF1), and ribosome biogenesis 287 (orf19.1862) ( Table 1) . 25 of 30 of the genes showing an 8-fold or greater reduction 288 in expression are predicted to have a role in ribosome or tRNA biogenesis, although 289 no ribosomal protein genes showed altered expression (Table S3) . Of the 492 most 290 induced genes, 84 of them showed at least a 2-fold increase (19) or decrease (65) in 291 the Δzcf2 strain relative to wild type. 292
The 65 genes that show Zcf2-dependent sulfite induction fit into categories 293 similar to those observed to be induced in wild type in response to sulfite: sulfite 294 reduction or removal, alternative oxidation, and nitrogen metabolism (Table 2) . the Δzcf2 mutant is more sensitive to sulfide ( Figure S5 ). An Δecm17 mutant is 304 highly resistant to sulfite (Figure 3 ), suggesting that sulfite conversion to sulfide 305 mediates the toxicity of sulfite. 306
Although this Δecm17 phenotype is consistent with the idea that sulfite 307 conversion to sulfide mediates sulfite toxicity, there is another possible explanation. 308
If there is flux of metabolites through the sulfate assimilation pathway, the block at 309 the sulfite reductase step in the Δecm17 strain is predicted to cause accumulation of 310 sulfite that may lead to induction of sulfite adaptation. To test this possibility, 311 strains were constructed with homozygous deletions of MET16 or of both ECM17 312 and MET16. The natural sulfite accumulation in an Δecm17 delete strain is predicted 313 to be reduced when MET16 is also deleted. As predicted, the Δecm17 and Δecm17 314
Δmet16 strains fail to convert sulfite to sulfide, as assessed with a bismuth sulfide-315 based detection method ( Figure S6 ). Δmet16, Δecm17 and Δecm17 Δmet16 also had 316 the expected methionine autotrophy ( Figure S6 ). The Δmet16 strain displayed wild 317 type sulfite sensitivity while the Δecm17 Δmet16 strain showed a phenotype that 318 was intermediate between the wild type and the Δecm17 strain (Figure 3 ). This 319 15 result indicates that both sulfide and sulfite accumulation play a role in sulfite-320 induced toxicity. Even though natural sulfite accumulation was reduced in the 321 Δecm17 Δmet16 strain, exogenous sulfite was still not as toxic as it would be in a 322 sulfide-forming strain. Sulfite is also toxic to S. cerevisiae (SCHIMZ 1980 were determined using existing information of binding motifs for other zinc cluster 387 family members (Table S4) . 388
Previously, a common binding element was found for the class of zinc cluster 389 transcription family that includes the well-studied Gal4 transcription factor, as well 390 Using the SSU1-gLUC reporter, however, we show that SSU1 regulation by cysteine is 467 only partially Zcf2-dependent. Although SSU1-gLUC fold induction is reduced in the 468
Δzcf2 strain compared to wild type, a significant cysteine-induced increase in SSU1 469 expression was still observed, unlike when sulfite or sulfide was added to the Δzcf2 470 strain. Additionally, the reduction of SSU1-gLUC fold induction in the strain lacking 471 CDG1, encoding the protein that converts cysteine to sulfite, suggests that cysteine 472 activation of SSU1 is due to cysteine conversion to sulfite or even sulfide. However, 473 the increase in luminescence in the Δcdg1 strain in response to cysteine indicates 474 that cysteine itself is also a signal. Therefore, it is possible that the reduced levels of 475 Genes that are likely to be upregulated under nitrogen-poor conditions were 505 upregulated in response to sulfite despite the use of nitrogen-rich YEPD media. We 506 speculate that the exogenously added sulfite reacts with free cysteine to form S-507 sulfocysteine, a metabolite that structurally resembles glutamate and is an 508 antagonist of the glutamate receptor (OLNEY et al. 1975; ZHANG et al. 2004) . 509
Glutamate is one of the initial products of ammonium assimilation in C. albicans and 510 a major regulator of ammonia metabolism (HOLMES et al. 1991) . Therefore, an 511 investigation of the induction of nitrogen catabolism genes in response to S-512 sulfocysteine will be of future interest. It is not certain whether the blocking of 513 ammonium assimilation, due to the formation of S-sulfocysteine from sulfite and 514 cysteine, contributes to sulfite-induced toxicity. However, the enzymatic conversion 515 of sulfite to sulfide does contribute to sulfite-induced toxicity. 516
The C. albicans Δecm17 mutant, deficient in forming sulfite from sulfide, is 517 less sensitive to sulfite; supporting the hypothesis that sulfite-derived sulfide 518 contributes to sulfite toxicity. However, this result could be due to increased SSU1 519 levels in the Δecm17 mutant from endogenous sulfite accumulation. Even so, the 520 Δecm17 Δmet16 mutant, which has lower levels of SSU1 than Δecm17, had a sulfite 521 sensitivity phenotype that was intermediate between the wild type and Δecm17 522 suggesting that both sulfite and sulfide are directly toxic to C. albicans. Table S1 -C. albicans strains used in this study. 798 Figure S1 -ACT1-gLUC induction is reduced by sulfite and sulfide. 799 Table S2 -Primer Sequences. 800 Figure 5-SSU1-gLUC induction by sulfite and sulfide is Zcf2-dependent. Cultures in log phase were grown in the presence or absence (white) of (A) 1.0 mM sulfite (grey) or 0.5 mM sulfide (black) for 30 minutes, or (B) 1.25 mM cysteine (black) for 1 hour, at 30C. SSU1-gLUC induction by sulfite and sulfide was observed in the wild type strain, as well as in cells unable to endogenously produce sulfite (Δmet16), sulfide (Δecm17), or either sulfite and sulfide (Δecm17 Δmet16). No SSU1-gLUC induction was observed in the Δzcf2 mutant. Induction by cysteine was seen in all three strains tested. The insets shown in (A) and (B) show fold expression change using the ratio: ((RLU/OD600inducer )/(RLU/OD600control). Results are averages of three biological replicates. (***) and (****) asterisks indicate that the detected differences were significant: (P<0.001) and (P<0.0001) respectively. Wild type and ∆met16 mutant strains were challenged for 16 hours in YEPD pH4 with 0 mM and 6 mM sulfite (filled and empty markers, respectively) after being grown to log phase for 3 hours in YEPD pH4, and then in SD medium (supplemented with ammonium chloride and glucose) with or without methionine for 1 hour. Results are averages of 4 experiments, each with 3 biological replicates for each condition. Figure 8-Increased sulfate assimilation pathway flux increases endogenous sulfite levels. SSU1-gLUC reporter luminescence was measured in C. albicans wild type (white), ∆zcf2 (gray), and ∆met16 (black) strains that were grown for one hour at 30C in SD medium containing or lacking ammonium chloride, glucose, and methionine. Nutrients essential for growth, ammonia (NH 3 ) or glucose, are required for SSU1-gLUC induction, consistent with growth dependent activity of the sulfur assimilation pathway ( Figure S10 ). Results are averages of three biological replicates. (**) asterisks indicate that the detected differences were significant: (P<0.01).
